Background: The mechanism of action of 5-fluorouracil (5FU) has been associated
Introduction
Since 1957 5-fluorouracil (5FU) plays an important role in treatment of colon cancer and is used for patients with breast cancer and cancer of the head and neck (1) . 5FU is usually given in combination therapy. So far in colon cancer, response rates of 10-20% after bolus injection of 5FU as single agent could be improved by leucovorin up to 30%. A number of schedules are being used, although the choice is often a matter of local preferences. For combinations with irinotecan or oxaliplatin response rates up to 60% have been reported(2-6) for colon cancer.
Insight in the mechanism of action of 5FU might improve the therapies in which 5FU has been included. Various mechanisms including inhibition of thymidylate synthase (TS) by 5-fluoro-2'-deoxyuridine-5'-monophosphate (FdUMP), incorporation of 5-FU incorporation into RNA and DNA in tumor tissue 47 4 5-fluorouridine-5'-triphosphate (FUTP) into RNA and incorporation of 5-fluoro-2'-deoxyuridine-5'-triphosphate (FdUTP) into DNA have been reported. Although TS inhibition and its expression have been related to the antitumor effect of 5FU (7) (8) (9) (10) (11) (12) (13) , it has not yet been demonstrated clinically whether incorporation into RNA or DNA contribute to its antitumor effect.
Inhibition of TS, a key enzyme of the pyrimidine de novo synthesis, has been studied extensively during the last decades in vitro as well as in vivo1. TS inhibition results in a depletion of dTTP and an increase of dUTP followed by a decreased DNA synthesis and DNA repair. The inhibition of TS can be potentiated by leucovorin. Leucovorin acts as precursor for 5,10-methylene-tetrahydrofolate which is necessary for the formation of the ternary complex with TS and FdUMP, essential for a long term maintenance of TS inhibition.
Incorporation of 5FU into RNA has also been related to the cytotoxic action of 5FU (14, 15) and has been postulated to be schedule dependent (16) . In a recent clinical study it was demonstrated that incorporation into RNA was higher after bolus administration of 5-FU but not signifantly different with continuous administration (17) . In an animal tumor model the combination of 5FU with thymidine, which bypasses the inhibition of TS, increased the anti-tumor activity of 5FU, indicating that incorporation into RNA was the mechanism of action (18) . Evidence that this mechanism contributes to toxicity was obtained from studies with uridine protection. In normal epithelium of the intestine p53-dependent apoptosis was only inhibited by uridine and not by thymidine after exposure to 5FU (19) . Both UDPG, a precursor for uridine, and uridine decreased the incorporation of 5FU into RNA of tumors but did not affect the inhibition of TS or the antitumor effect (20) . Uridine enabled to increase the dose resulting in increased TS inhibition and antitumor activity. Cytotoxicity by 5FU incorporation into RNA is possibly mediated by its incorporation into snRNA, especially U2-RNA, which inhibits the splicing of pre-mRNA resulting in impaired mRNA synthesis (21, 22) . Furthermore, it has been shown that pre-rRNA processing was inhibited after 5FU administration and might be related with incorporation of 5FU into U3-RNA (23, 24) .
Incorporation of 5FU into different RNA molecules may therefore lead to disturbance of mRNA processing and protein synthesis (25, 26) . 5FU can also be incorporated into DNA of murine bone marrow cells as well as human tumor cells and this may contribute to the cytotoxicity of 5FU(27-31).
Misincorporation of 5FU into DNA is associated with the formation of DNA strand breaks (32) (33) (34) . After incorporation into DNA 5FU can be excised by uracil-DNAglycosylase followed by apurinic-apyrimidinic endonucleolytic cleavage resulting in DNA strand breaks (35) (36) (37) . Also when polymerase-α is inhibited by a specific inhibitor like aphidicolin strand break formation after 5FU exposure remains, indicating a second mechanism of 5FU induced DNA strand break formation without incorporation of the drug (34) , in which the imbalance of intracellular deoxyribonucleotide pools may play a role. This imbalance might be associated with the inhibition of TS, leading to a decrease of dTTP and accumulation of dUTP with a subsequent decrease in DNA synthesis and repair. Misincorporation of dUTP and FdUTP into DNA can be prevented by action of dUTPase (36) .
So far, incorporation of 5FU into RNA and DNA was usually determined in preclinical in vitro and in vivo model systems by the use of radiolabeled 5FU. However, in order to determine the incorporation of 5FU into RNA and DNA of patient samples this is not a suitable method. We developed a non-radioactive method using gas-chromatography coupled to mass-spectrometry (GC-MS) to determine 5FU incorporation into RNA (38, 39) , which was adapted with minor changes to determine DNA incorporation as well. This is the first report describing the relevance of 5FU incorporation into both RNA and DNA in a clinical setting and the possible relation with TS and response.
Patients and Methods

Patient selection and drug administration
In this study tissue samples of 68 patients (37 males and 31 females) with a median age of 57 years (range 34 to 78) were included. All patients had advanced colorectal cancer. The protocol was approved by the Institutional Review Board and also aimed to evaluate the extent and retention of TS inhibition in relation to response to 5FU (11) . All patients gave informed consent. The used 5FU schedules are routinely being given in our hospital. The study consisted of two parts: a) administration of an experimental dose of 5FU at 500 mg/m 2 alone or in combination with leucovorin prior 
5FU incorporation into RNA and DNA of human tumor tissue
From patients included in a study described elsewhere (11, 13, 38, 39) The frozen tissue was pulverized as described before (38) . To the frozen pulverized tumor tissue three volumes of ice-cold saline was added and mixed thoroughly. After centrifugation for 10 min at 4000 rpm and 4°C the resulting pellet, containing the RNA and DNA, was stored at -80°C until RNA and DNA extraction.
RNA isolation and degradation
RNA was isolated as described before (39) . Precipitated nucleic acids from tissues were suspended in 5 ml lysis buffer which consisted of 4 M guanidine-isothiocyanate, 25 mM sodium citrate, 0.5% N-lauroylsarcosine and 0.1 M ß-mercaptoethanol. After suspension 0.5 ml 2 M sodium acetate (pH = 4) was added and mixed. Subsequently RNase T1 (500/500 U/ml), 10 µl APase (1000 U/ml) and 10 µl UPase (590 U/ml) were added. This mixture was incubated at 37°C for 1 hour to completely degrade the RNA to bases. After incubation the samples were stored at -20°C until extraction for GC-MS analysis (39) .
DNA isolation and degradation
The DNA isolation was essentially performed as described previously (40) . Precipitated nucleic acids from tissues were suspended in 7 ml lysis buffer consisting of 100 mM Tris, 5 mM EDTA, 0.2% SDS, 200 mM NaCl and 100 μg/ml Proteinase K (pH=8.5). The suspension was incubated at 55°C overnight and another hour at 37°C with RNase A/T1 10/10 U/ml final concentration (RNase A/T1 was heated at 95°C for 15 min to inactivate DNase). In order to precipitate the DNA an equal volume of 2-propanol was added and mixed until precipitation was complete. DNA was recovered from the solution and resuspended at 55°C in 2 ml buffer containing 10 mM Tris and For enzymatic degradation of the DNA, to 340 μl DNA suspension 20 μl DNase I (1 mg/ml), 20 μl Nuclease P1 (250 U/ml), 10 μl APase (1000 U/ml) and 10 μl TPase(600 U/ml) were added. In this composition the reaction mixture was optimal to degrade all DNA to bases after incubation overnight at 37°C. The digest was stored at -20°C until extraction for GC-MS analysis.
GC-MS extraction and measurement
The extraction for GC-MS was performed as described before (39) . Briefly, to 300 -350 μl enzyme digestion product 50 μl 5FU- 
Thymidylate synthase assays
In the same samples in which we measured incorporation of 5FU into RNA and DNA, we also evaluated the activity of TS. TS was assayed as described previously (11) .
Statistics
In order to evaluate differences between the various groups of patients we used SPSS for Windows, version 11.5. 
Response
Results
Incorporation into RNA of human tissue
The assay to optimize the incorporation of 5FU into RNA was described previously (39) . The evaluation was performed on data obtained after administration of either 5FU alone or in combination with high dose leucovorin (hd-LV), low dose leucovorin (ld-LV) or l-leucovorin (l-LV).
Correlation with response was evaluated at 48 hours. 
Figure 3. Incorporation of 5FU into DNA of human tumor tissue at different time points after administration of 5FU alone (closed circle) or 5FU combined with high dose leucovorin (hd-LV, open circle), low dose leucovorin (ld-LV, closed triangle), l-leucovorin (l-LV, open triangle) and mucosa (closed squares). Each point represents a single sample.
of 5FU into RNA of different tissues from the same patient showed that there was no significant difference between primary colon tumors and liver metastasis and between primary colon tumors and colon mucosa ( Table 2 ). The incorporation of5FU into RNA is significantly correlated (p = 0.001) to the concentration of 5FU in the tissue as was found previously in murine tumors as well(12) ( Table 2) .
From 30 patients the response to therapy with 5FU was evaluable and was compared to the incorporation of 5FU into RNA 48 hours after administration (Fig.2) . No significant relation was found, either when evaluating the whole group or the subgroups, receiving different iv. schedules of 5FU (Table 2) .
Incorporation into DNA of human tissue
Incorporation of 5FU into DNA was measured with a novel sensitive assay, allowing to use small tissue samples. Similar to the assay for 5FU incorporation into RNA, this assay was first validated in a cell line and murine tissues. Similar results as with classical methods (radioactive 5FU) were observed (data not shown). The data are summarized as mean values in Table 3 . These samples were obtained at about 2, 24 and 48 hours after 5FU administration. For the first time point, about (1) 44.6 ± 24.1 (6) Tumors were excised at different time points after administration of 5FU alone or in combination with high dose leucovorin (hd-LV), low dose leucovorin (ld-LV) or l-leucovorin (l-LV). In case of 1 or 2 samples the individual values are given. n.a. = not available 2 hours after 5FU administration, only 3 samples were available which showed an incorporation into DNA of 11.95 fmol/µg DNA for the primary colon tumor sample, 47.1 for the liver metastasis and 4.5 pmol/µg DNA for the colon mucosa sample (Table 3 ). The DNA incorporation of 5FU at 24 hours showed the largest variation and ranged from 0.6 to 245 fmol 5FU/µg DNA with mean values of 126.53 and 141.68 fmol/µg DNA for the primary colon tumors and liver metastases, respectively.
The incorporation at 48 hours after administration of 5FU decreased to 4.13 fmol/ µg DNA for the primary colon tumors, 16.45 fmol/µg DNA for the liver metastases and 0.80 fmol/µg DNA in the only available colon mucosa sample. Also for the DNA incorporation LV seemed to increase the incorporation compared to 5FU alone (Table   2) , but was not different compared to that of hd-LV and ld-LV . Primary colon tumors did not show a significantly different incorporation of 5FU into DNA compared to liver metastases from the same patients. Also there was no difference between the primary tumor and normal mucosa ( Table 2 ). In contrast to RNA incorporation there was no significant correlation between the 5FU concentration in the tissue and the DNA incorporation of 5FU. However, the DNA incorporation was significantly correlated to the RNA incorporation
The 5FU incorporation into DNA after 48 hr could be evaluated in 24 patients receiving a 5FU containing regimen and in whom response was evaluable (Fig. 4) , but similar to RNA, there was no significant relation (Table 3) , neither for the whole group or subgroups.
Thymidylate synthase levels
Previously we reported a relation between TS levels and response to 5FU (11) . In order to determine the relative role of TS levels in the group of patients in which we also measured incorporation into RNA and DNA, we evaluated TS levels in this particular subgroup (Fig. 5) . The mean residual TS activity in patients responding to 5FU based treatment was 45 pmol/hr.mg protein, while that in the group not responding to 5FU treatment the levels were significantly higher (245 pmol/hr.mg protein; p =0.001). Also using other assays to evaluate TS expression we observed similar differences.
Discussion
This is the first paper which describes the incorporation of 5FU into both RNA and DNA in tumors from patients without the use of radio-labeled drugs. In the same patients we also evaluated TS inhibition (11, 13) , which was related to response to 5FU treatment. It is unlikely that TS inhibition is related to 5FU incorporation into RNA but a prolonged TS inhibition might favor 5FU incorporation into DNA. to the favorable incorporation conditions, but also to a rather inefficient DNA repair.
The latter process is catalyzed by Uracil-DNA-Glycosylase (36, 37) and apparently functions at different rates in the various tumors, considering the large variation.
The incorporation of 5FU into RNA of human tumor tissue showed different kinetics than those found in murine tumors (12, 20) , while 5FU tissue levels(38) were correlated with 5FU incorporated into RNA. The incorporation in human tumors was higher after 24 hours compared to 2 and 24 hr, whereas in murine tumors the incorporation is maximal at 2 hours. The large variation found for the DNA incorporation, especially at 48 hr after administration, shows that incorporation is not only dependent on the intra-tumoral concentration of 5FU but that other mechanisms also play a role.
Other mechanisms involved are dUTPase activity, inhibition of TS and excision of incorporated FdUTP by Uracil-DNA-Glycosylase (35, 36, 41, 42) .
The repair may also be dependent on the availability of deoxynucleotides, which is dependent on the extent of TS inhibition. So far in the same patient samples only TS inhibition, total TS activity and expression could be related to response to therapy (11, 13, 43) which was also shown in several studies by measurement of mRNA expression and protein expression (7) (8) (9) (10) . A relation of 5FU RNA incorporation with response in tumor biopsy specimens was demonstrated in one limited study which evaluated 11 cases for incorporation of 5FU into RNA (44) . It was postulated that incorporation at a level higher than 200 ng/mg RNA 5FU was effective. The samples analyzed in our study showed a lower incorporation at a similar time point which might explain that we could not demonstrate a significant relation with response to treatment. Also the DNA incorporation although in a limited number of patients, failed to show a significant relationship with response to treatment. Possibly the imbalance of deoxynucleotides by depletion of dTTP after TS inhibition plays a more important role in the response to treatment of patients, leading to the apoptosis observed in these samples (43, 45) .
Measurement of the incorporation of 5FU into RNA and DNA of human tissue enabled the evaluation of the role of 5FU incorporation on efficacy of the treatment of patients.
We were able to measure in the tumor samples from the same patients not only 5FU levels(39), 5FU incorporation into both RNA and DNA, but also TS levels and inhibition (11, 43) , TS induction(45) and the downstream effects of TS inhibition (11, 43) . These are all mechanisms by which fluoropyrimidines are postulated to act .
This unique set of data obtained in the same group of patients clearly demonstrates that response to 5FU treatment is related to TS levels and expression and not to 5FU incorporation into RNA. These findings are supported by the observations that TS inhibition and response to treatment are increased by addition of leucovorin (11) .
Also in animal models (12, 14, 20) , in which TS inhibition and incorporation into RNA were evaluated in the same tumor, response was related to TS inhibition. Evidence is also accumulating that incorporation of 5FU into RNA is related to 5FU toxicity (12, 19, 20) , which does not exlude a relation between TS inhibition and toxicity of 5FU. It was postulated by Sobrero et al (16) , that at a bolus injection 5FU would act predominantly by its incorporation into RNA and that a continuous infusion TS inhibition would be the main target. However, in a recent study the same group demonstrated that both at a bolus injection and at continuous infusion response was correlated with TS levels (46) .
Only in the methotrexate modulated arm this relation was not found. These data are in line with the current finding and that in animal models which also support TS as the main target. Toxicity caused by antifolate TS inhibitors such as Raltitrexed consists of myelotoxicity and gastro-intestinal toxicity (47) . 5FU can inhibit TS in normal gut mucosa and bone marrow(48). Besides novel antifolate TS inhibitors such as Raltitrexed, also other new agents such as oxaliplatin and irinotecan can decrease TS expression in model systems (49, 50) . In patients novel combinations or schedules
should not aim to increase 5FU incorporation into RNA but these approaches should aim to increase 5FU induced TS inhibition in tumors.
